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The present study is to determine the effects of background noise on the hemispheric
lateralization in music processing by exposing 14 subjects to four different auditory
environments: music segments only, noise segments only, music + noise segments,
and the entire music interfered by noise segments. The hemodynamic responses in both
hemispheres caused by the perception of music in 10 different conditions were measured
using functional near-infrared spectroscopy. As a feature to distinguish stimulus-evoked
hemodynamics, the difference between the mean and the minimum value of the
hemodynamic response for a given stimulus was used. The right-hemispheric lateralization
in music processing was about 75% (instead of continuous music, only music segments
were heard). If the stimuli were only noises, the lateralization was about 65%. But, if
the music was mixed with noises, the right-hemispheric lateralization has increased.
Particularly, if the noise was a little bit lower than the music (i.e., music level 10∼15%,
noise level 10%), the entire subjects showed the right-hemispheric lateralization: This is
due to the subjects’ effort to hear the music in the presence of noises. However, too much
noise has reduced the subjects’ discerning efforts.
Keywords: functional near-infrared spectroscopy (fNIRS), auditory cortex, lateralization, background noise, music
processing
INTRODUCTION
Asymmetry in functional responses in the right and left hemi-
spheres of a human brain has been observed (Toga and
Thompson, 2003). Notable brain asymmetries include the dom-
inance of the auditory cortex in the left hemisphere for speech
processing (particularly, the left-side planum temporale region
for consonant-vowel syllables, see Jancke et al. (2002), the theory
of asymmetric sampling in time (Giraud et al., 2007), and that in
the right hemisphere for music processing (Bever and Chiarello,
1974; Tervaniemi and Hugdahl, 2003). This asymmetric response
is observed even in infants: speech (Dehaene-Lambertz et al.,
2002) and music (Perani et al., 2010). However, Shtyrov et al.
(1998) showed that, in a noisy environment, the involvement
of the left auditory cortex in discerning speeches considerably
decreases, while that of the right hemisphere increases. This
reveals that the existence of background noise in spoken words
diminishes the dominant role of the left hemisphere in the speech
processing (i.e., non-lateralization) (Wong et al., 2008).
Music processing is one of the most complex cognitive activ-
ities that the human brain performs. The detailed mechanism
of music processing is not well understood yet. Even Bever and
Chiarello (1974) had shown that the right lateralization in music
processing is even higher among musicians than non-musicians,
but still there are contradicting results among different genders,
musicians, and non-musicians (Schuppert et al., 2000; Ono et al.,
2011). To the best of our knowledge, the influence of background
noise in music processing has not been fully investigated yet. The
objectives of this study are first to investigate whether, in the
presence of noise, the right-lateralization of music processing (in
contrast to the speech processing) is destructed or not and second
to characterize the noise levels in the music to any differences in
the hemodynamic responses between the right and left auditory
cortices.
In a live music environment, it will be interesting to cat-
egorize the level of noise that would not disturb the music.
Under the assumption that the right-hemispheric laterization
exists (for some people), it will become the case that the intro-
duced noise does not destroy the right laterization in enjoying the
music. Three distinguishing features of a sound are its intensity,
frequency, and perception duration, which may elicit different
responses to different humans. The study of audition (i.e., hearing
a sound transmitted as acoustic waves) involves the examina-
tion of the sensory responses to the surrounding environment.
To measure sensory responses, various modalities have been pur-
sued in the past: For instance, electroencephalography (EEG) for
detecting the language processing (Sinai and Pratt, 2003; Zaehle
et al., 2007; Kuhnis et al., 2013b) and the music processing (Meyer
et al., 2006; Headley and Pare, 2013) in the auditory cortex, and
for detecting the P300 signals in the motor cortex (Turnip et al.,
2011; Turnip and Hong, 2012; Khan et al., 2014; Soekadar et al.,
2014) magnetoencephalography (MEG) for the auditory cortex
(Shtyrov et al., 2012) and the motor cortex (Boulenger et al.,
2012), functional magnetic resonance imaging (fMRI) for the
auditory cortex (Warrier et al., 2009; Wong et al., 2010) and the
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frontal cortex (May et al., 2014; Zhou et al., 2014), the positron
emission tomography (Tervaniemi et al., 2000), and functional
near-infrared spectroscopy (fNIRS) for the motor cortex (Hu
et al., 2013) and for the prefrontal cortex (Guhn et al., 2014).
fNIRS is a non-invasive method that measures the absorbed
quantity of near-infrared light in the 650∼950 nm wavelength
range. fNIRS can detect the hemoglobin concentration changes
in response to neural activities. For brain imaging, fNIRS offers
higher temporal resolution than fMRI and higher spatial resolu-
tion than EEG. Particularly, while fNIRS can be used in a natural
environment (particularly important in music processing), fMRI
should be used in its designated place (or at least a simultaneous
hearing and measurement cannot be done without an earphone).
Recent fNIRS studies include the hemodynamics analyses in the
prefrontal cortex (Hu et al., 2012; Naseer et al., 2013; Santosa
et al., 2013; Bhutta et al., 2014), the motor cortex (Aqil et al.,
2012a; Kamran and Hong, 2013, 2014), the visual cortex (Hong
and Nguyen, 2014), the motor imagery (Naseer and Hong, 2013),
and the somatosensory cortex (Hu et al., 2011). Particularly,
fNIRS is suitable for studying the auditory cortex because of its
non-invasiveness, mobility, cost, and most importantly silence of
the equipment. On the other hand, fMRI is relatively problem-
atic in studying the auditory cortex because its measurements
are accompanied by acoustic noise resulting from slice selection
pulses, cryogen pumping, andmagnetic resonance gradient inter-
ference (Gaab et al., 2007). To solve the noise problem in fMRI,
many schemes have been employed to shield the subject from the
machine’s acoustic noise, although none of these methods have
been proven effective: A few examples are sealing the gradient coil
in a vacuum chamber (Katsunuma et al., 2002), using an active
noise cancelation (McJury et al., 1997), and utilizing a low-noise
gradient-coil design (Mansfield et al., 2001). The noise from an
fMRI machine can even interfere with the stimuli designed to
evoke neuronal activation: Fuchino et al. (2006) have shown that
the level of oxy-hemoglobin in the sensorimotor cortex decreased
with the increase of fMRI acoustic noise.
Conducting experiments using fNIRS, on the other hand, is
much quieter than using an fMRI system, which makes fNIRS
a much more suitable device for experiments related to audio
stimulation. Another advantage of fNIRS is that it can detect
two main chromophores: oxy-hemoglobin (HbO) and deoxy-
hemoglobin (HbR), while fMRI can detect only the BOLD (blood
oxygenation level dependent) signal (Plichta et al., 2006). When
neuron fires, HbO decreases while HbR increases instantaneously
(but it will bring more blood to the area, which will cause the
increase of HbO). A drawback of fNIRS is the penetration depth
of the light, which is limited to the cortical surface. However,
even the relatively poor spatial resolution of fNIRS compared
to fMRI (Kovelman et al., 2009) can be ignored due to its
other strengths, the relatively faster time resolution than fMRI,
low cost, portability, and quietness. While fNIRS enables test-
ing under more relaxed conditions for the subjects, its results
on the auditory cortex are relatively rare. The present study is
to determine the effects of background noise in music process-
ing: Fourteen healthy subjects participate, and the activations in
the auditory cortices are recorded with fNIRS. Specifically, four
different sound environments involving ten different conditions
are designed for this experiment: music segments only, noise seg-
ments only, music segments including noise, and the entire music
with noise segments. To investigate this, we examined the hemo-
dynamic responses from 44 channels for three noise categories in
both hemispheres.
Our interest exists in finding the (subjective) level of noise that
does not disturb listening to music as well as hemispheric later-
alization. The following questions will be pursued: (i) Are there
more hemodynamic changes in the right auditory cortex than
the left auditory cortex, when people hear music. Instead of lis-
tening to continuous music, music segments will be exposed to
the subjects so that they can focus on. (ii) Can noise alone cause
a similar behavior like music segments, or will it bring any dif-
ference? (iii) What would be the level of noise that distort the
hearing status? (iv) What would be the noise enterance effects
when listening to the entire music. As a feature to tell any dif-
ference, the gap between the mean value and the minimum value
of the hemodynamic responses caused by various conditions will
be used.
MATERIALS AND METHODS
SUBJECTS
Fourteen subjects (age: 28 ± 5 years; 7 males and 7 females, 12
right-handed and 2 left-handed) participated in the experiment,
see Table 1. In this study, the handedness was obtained by ask-
ing the subjects about a better performance for use of a hand.
Thirteen subjects knew (understood) the music and three sub-
jects were musicians. The definition of musician in this work
is whether they are able to play the music with piano or not.
The response between musicians and non-musicians is known
distinctly different (Kraus and Chandrasekaran, 2010; Kuhnis
et al., 2013a, 2014). All musicians (1 male and 2 females; pri-
mary musical instrument: piano; mean age 25 ± 2 years) started
their musical training between 6 and 12 years. They had more
than 16 ± 2 years of musical training and practiced their musi-
cal instrument for 1.5 h/day when they started to learn piano. We
selected the same number of subjects between male and female
to examine a possible gender difference in the hemispheric lat-
eralization (Shirao et al., 2005). All of them had normal hearing
and none had a history of any neurological disorder. To reduce
noise and artifacts, the subjects were asked to remain relaxed with
closed eyes by enjoying themusic and to avoidmotions during the
experiment (i.e., head movement, eye blinking, etc.). During the
experiment, the subjects were asked to listen the auditory stimuli
attentively (not passively), since selective attention is important to
the activation pattern in the auditory cortex (Jancke et al., 1999).
Moreover, musicians were asked to imagine playing the music
with a piano. The work was approved by the Institutional Review
Board of Pusan National University. The subjects were informed
about the experimentation and written consents were obtained,
which was conducted in accordance with the ethical standards
encoded in the latest Declaration of Helsinki.
AUDIO STIMULI
Figure 1 shows the experimental paradigm used in this work.
The audio stimuli (music) was Für Elise composed by Ludwig
van Beethoven. The entire length of the music was 165 s. One
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Table 1 | 14 Subjects in experiment.
Subject Gender Age -handed (Pre-knowledge on
the music)
1 Male 29 Left Yes
2 Male 27 Left Yes
3 Male 34 Right No
4 Male 29 Right Yes
5* Male 26 Right Yes
6 Male 31 Right Yes
7 Male 30 Right Yes
8 Female 26 Right Yes
9 Female 25 Right Yes
10 Female 23 Right Yes
11 Female 28 Right Yes
12* Female 25 Right Yes
13* Female 23 Right Yes
14 Female 26 Right Yes
*They can play the music.
experiment consists of four stages involving ten conditions. The
first 200 s after the pre-initiation trial constitutes Stage 1 (S1),
which examines the basic condition (that is, a music hearing).
In S1, the subjects are exposed to 25 s rest and 15 s music for 5
times (it is noted that the pre-initiation trial is not included in
the analysis). The objective of S1 is to examine which side (right
or left) in the brain is more active upon a musical stimulus. Stage
2 (S2) is the next 200 s after S1 that involves two different noise
levels. Therefore, S2 constitutes three conditions: no noise (NN),
mid-level noise (MN), and high-level noise (HN). The objective
of S2 is to examine whether the noise alone can cause a similar
response like the music in S1. Then, the subsequent 200 s after S2
becomes Stage 3 (S3), in which mixed music and noise segments
are repeated 5 times. The objective of S3 is to find out whether
a music + noise segment will induce more efforts in the brain
than the cases of music or noise segments alone. Distinguishing
NN, MN, and HN, 3 conditions are examined in S3. Finally, the
interruption of noise when hearing the music has been mim-
icked in Stage 4 (S4). For comparison purposes, similar noise
conditions like S2 and S3 are made in S4, yielding another 3 con-
ditions. The noises introduced to the music appear in a pseudo
random order. The durations of music and noise segments in
S1∼S4 are the same. The shaded boxes in S3 and S4 indicate the
time periods where noises enter the music. The total experimen-
tal time was 14min and 50 s. The music and noises were digitally
mixed using the Adobe Audition software (a WAV-format file: 16
bit, 44,100Hz, stereo). The same earphone (SonyMDR-NC100D;
digital noise canceling earbuds) with the same sound level setting
was used across the subjects.
NOISE LEVELS
The y-axis in Figure 1 denotes the relative amplitude of the audio
signal (its max. scale has 30,000 sample values, which corresponds
to 100%) in the Adobe Audition software. In this work, the high-
level noise is defined to be the white noise whose amplitude
reaches 20% of the full scale. The mid-level noise means 10% in
the full scale. To provide variability, the noises were introduced
in a pseudo-random order (15 s for each stimulus). The average
amplitude of the music was about 10–15% in the y-axis.
fNIRS DATA AND PROCESSING
Figure 2 shows the optodes configuration of the fNIRS system
(DYNOT: DYnamic Near-infrared Optical Tomography; NIRx
Medical Technologies, Brooklyn, NY) for imaging the auditory
cortices in the left and right hemispheres. The distance between
an emitter and a detector is 23mm. The data were acquired at
a sampling rate of 1.81Hz and for two wavelengths (760 and
830 nm). A total of 22 channels were measured from 8 emitters
(black circles) and 7 detectors (white circles) in both hemispheres.
All the lights in the room were turned off during the experi-
ment to minimize signal contamination from the ambient light
sources. The optodes were placed on the scalp above the left
and right auditory cortices. Ch. 16 in both left/right hemispheres
was set to coincide with the T3/T4 locations, respectively, in the
International 10–20 system. Since the optodes configuration in
Figure 2 covers the entire auditory cortex, the averaged value
from the 22 channels is used in the analysis.
Relative changes of the concentrations of HbO and HbR were
computed using the modified Beer-Lambert Law as follows,
Ai(λ, k) =
[
aHbO(λ)cHbOi (k) + aHbR(λ)cHbRi (k)
]
dili,(1)
where A (·, k) is the absorbance variation at time k; the sub-
script i denotes the channel number; λ is the wavelength of the
laser source; aHbO and aHbR are the absorption coefficients of
HbO and HbR, respectively; cHbO and cHbR are the concen-
tration changes of HbO andHbR, respectively; d is the differential
path length factor (in this study, constant values d = 7.15 for
λ = 760 nm and d = 5.98 for λ = 830 nm were used for all the
channels), and l is the distance between a source and a detector.
To analyse the fNIRS data, the open-source software NIRS-
SPM (Ye et al., 2009) was utilized in our own Matlab® (Math-
works, Natick, MA) code. The respiration and cardiac noises
contained in the hemodynamic responses were removed by a
low-pass filter of a cut-off frequency 0.15Hz.
CLASSIFICATION FEATURE
The difference between the mean and the minimum value of a
given hemodynamic response has been used as a feature to classify
whether the hemispheric lateralization occurred or not. Figure 3
depicts a typical activated hemodynamic response obtained by
convolving a stimulus pattern and the impulse hemodynamic
response function as
hM(k) =
∞∑
n=−∞
Box(k) h(k − n), (2)
where hM (k) denotes the “modeled” hemodynamic response to
be used as a reference signal, Box(k) is the box-type stimulus
pattern (in this paper, the 15 s activation period) and h(k) is
the impulse hemodynamic response function adopted from the
SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK)
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FIGURE 1 | Experimental paradigm. Four different sound conditions. The level of noise (i.e., NN, no noise; MN, mid-level noise; HN, high-level noise) changes
in a pseudo-random order.
(Friston et al., 2008). For example, the curve in Figure 3 shows
that the mean value is 0.36μM, the minimum value is -0.12μM,
and therefore the difference is 0.48μM. The reason for using the
gap between the mean and the minimum value of the hemo-
dynamic response as a classification index in this work is that,
with the current experimental paradigm in Figure 1, the hemo-
dynamic response may not come back to the baseline value in
a short time interval after each stimulus. Actually, it was so and
the baseline drifting has been compensated by the mean-min
difference.
STATISTICAL ANALYSIS
The estimation of the cortical activation is the most important
factor in the analysis of fNIRS data. Previous studies showed that
the activation could be statistically estimated by fitting the mea-
sured response to a regression model (Hu et al., 2010; Aqil et al.,
2012b). Let h
j
i ∈ RN×1 be the measured fNIRS data at the i-th
channel, the superscript j denote the j-th stimulus (i.e., the total
20 stimuli obtained by 5 stimuli/condition× 4 conditions), andN
be the size of fNIRS data for each stimulus (in this study, N = 72
for the period of 15 s stimulus and 25 s rest using the sampling
frequency of 1.81Hz). Then, the general linear regression model
is formulated as follows,
h
j
i = φ jihM + ψ ji · 1 + ε ji, (3)
where hM ∈ RN×1 is the modeled hemodynamic response
obtained by (2), 1∈ RN×1 is a column vector of ones for cor-
recting the baseline, φ is the unknown coefficient that indicates
the activity strength of the modeled hemodynamic response, ψ
is the coefficient to compensate the baseline drift of the signal,
and ε ∈ RN×1 is the error term in the regression model. In this
paper, the coefficient φ is estimated by using the robustfit function
available in Matlab™ as follows,
([
φˆ
j
i
ψˆ
j
i
]
, stats
)
= robustfit([1 hM], h ji), (4)
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FIGURE 2 | Optodes configuration. Numbers represent the measurement
channels: The channel number 16 coincides with the T3/T4 locations in the
International 10–20 System.
where φˆ
j
iand ψˆ
j
i denotes the estimate of φ
j
i and ψ
j
i , respectively,
and stats denotes the statistical data including the t-value, p-value,
standard errors, etc.
The idea is to test the null hypothesis that the estimated
parameter φˆ
j
i is equal to zero or not. Furthermore, if φˆ
j
i is pos-
itive, the particular activation is assumed to be active, and if it
is negative, the particular activation is not active for the j-the
stimulus at the i-th channel, in which the t-value test has been
used. In this paper, the t-value was computed using the following
equation,
t
j
i =
φˆ
j
i
SE(φˆ
j
i)
, (5)
where SE is the standard error of the estimated coefficient. We
used two criteria to assess the selection reliability of a particu-
lar activation for further analysis. They were t
j
i > 0 and p
j
i < α,
where p denotes the p-value (in this work, α = 0.05 was set).
Alternatively, it could be done by checking t
j
i > tcrt, where tcrt
denotes the critical t-value that depends on the degree of freedom
(i.e., 71, which is N -1). In this case, tcrt = 1.994.
FIGURE 3 | The defined feature for classification. The difference
between the mean and the minimum value of the HbO obtained from a
15 s stimulus (in μM).
RESULTS
The hemodynamics changes in the auditory cortex upon the
occurrence of noises in music processing have been examined.
Using the paradigm in Figure 1, four different stages involving
ten conditions in combination with three different noise levels
were tested. The three-digit numbers in Table 2 indicate the dif-
ferences between the mean and the minimum value of the HbO
concentration change in both left and right auditory cortices
for 14 subjects (Subject 1∼14). S1∼S4 represent four different
experimental stages in Figure 1. It is reminded that only those
hemodynamic responses whose p < 0.05 and t > 0 were counted
for averaging over 22 channels. It is also noted that (i) the data
outside the 3 standard deviations were excluded (i.e., 9 cases in
bold-italic in Table 2 were outliers, see Subject 5 and Subject 12)
and (ii) if a right-left difference is not significant (i.e., difference<
0.1σ), it was considered to be the same (they were marked in italic
font). Table 3 summarizes Table 2. The following observations
are made:
i) Music segments stage (S1): This stage was to determine which
brain side was dominant in music processing. Nine subjects
showed the higher activation in the right auditory cortex,
whereas three subjects showed it in the left auditory cortex
(out of 14 subjects, Subject 12 was an outlier and the data
of Subject 10 was undistinguishable). Therefore, the right-
hemispheric lateralization in music processing is about 75%
(i.e., 9/12).
ii) Noise segments stage (S2): This stage intended to characterize
the auditory reponses to various noises. When there was no
noise (see the first row in S2), a significant difference was not
seen between the right and left auditory cortices, considering
that two data (Subject 10, Subject 14) were un-distinguishable
and one data (Subject 12) was an outlier. But, in the mid-
and high-noise conditions, there was a slight increase in the
number of subjects who showed the higher hemodynamics
response in the right auditory cortex (i.e., 15/23, which is
about 65%).
iii) Mixed music and noise stage (S3): Contrary to S1 (music
only) and S2 (noise only), mixed signals of noise and music
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were exposed to the subjects. Considering that the sound
level of the music was about 10∼15%, the mid-level noise
and music segments showed the highest level of right-
lateralization over the subjects (see the second row in S3).
Actually, removing two undistinguishable subjects (Subject
11, Subject 14), all twelve subjects out of 14 subjects showed
the higher activation in the right auditory cortex. This is
due to that the subjects tried to hear the music in the pres-
ence of noise (recall that the noise level was 10%). But, if
the noise level became higher than the sound level of music
(i.e., the high-noise condition, 20%), the number of subjects
who showed the higher activation in the right auditory cor-
tex had reduced to 10. Another interesting observation was
found from the first row in S3, which provided no sound
in the middle of music + noise segments. No sound itself
had shown almost the same level of right-lateralization in
terms of number of subjects as the case of music+ high-noise
condition.
iv) The entire music with noise segments (S4): The final stage
was to investigate the effect of noise interruptions in hearing
music. When there was no noise (see the first row in S4), the
tendency of the right-hemispheric lateralization was exactly
the same as the case of S1 (i.e., 75%). Also, even upon the
interruptions of noise, the tendency was similar.
For the 140 cases (i.e., 14 subjects × 10 conditions), 9 cases
were outliers, 11 cases showed no significant difference, 32 cases
showed the higher left auditory cortex, and finally 88 cases
showed the higher right auditory cortex. Therefore, the overall
lateralization across all the experimental conditions was about
73.3% (i.e., 88/120); specifically, for female 81.1% (i.e., 43/53)
and for male 67.2% (i.e., 45/67). It is also noted that 20 cases were
excluded.
Now, for analyzing the tendency/strength of lateralization,
only the cases showing that the right hemisphere is more active
than the left hemisphere were further considered (bold font).
Table 4 shows the average and its standard deviation of such cases.
That is, the value 2.080 in S1 is the average of 1.453, 2.596, 2.458,
1.704, 2.494, 2.394, 2.357, 2.013, and 1.253 from Table 2. The
following observations are made. (i) Comparing S1 and S4 in
Table 4, the background noise intensifies the hemispheric later-
alization (i.e., the Right Avg—Left Avg value has increased from
0.311 for music only condition to 0.533 for the mid-noise condi-
tion and 0.743 for the high-noise condition, respectively). (ii) As
seen in the last column of S2, the difference in the mid-noise con-
dition (i.e., 0.536) is larger than the other two cases (i.e., 0.315
and 0.403). This may reveal the fact that too much noise does
destroy the subject’s discerning efforts for music in the presence
of noise. (iii) In S3, even if there is no sound, the difference in the
right auditory cortex was higher than that of the left (i.e., 0.566).
This reflects that, in the presence of noise, the subjects tried to
listen to the music and this effort was continued even if there
is no sound. A similar effort from the subjects was also shown
in the mid- and high-noise conditions. Overall, the discerning
efforts for music from noises has been seen, which is consistent
throughout all three conditions. Ta
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Table 3 | Statisics of hemispheric lateralization (from Table 2).
Left Undistinguishable Right Outliers
is higher (diff. < 0.1 Std) is higher
S1 Music only 3(0) 1(1) 9(5) 1(1)
S2 No sound 5(1) 2(2) 6(3) 1(1)
Mid noise 3(1) 3(2) 7(3) 1(1)
High noise 5(1) 1(1) 8(5) 0(0)
S3 No sound 3(2) 0(0) 10(4) 1(1)
Mid noise 0(0) 2(2) 12(5) 0(0)
High noise 3(1) 0(0) 10(5) 1(1)
S4 Music only 3(2) 1(1) 9(3) 1(1)
Mid noise 3(1) 1(1) 8(4) 2(1)
High noise 4(1) 0(0) 9(6) 1(0)
Grand total 32(10) 11(10) 88(43) 9(7)
The numbers in the parenthesis indicate the number of females (overall: 73.3%,
female: 81.1%, male: 67.2%).
Table 4 | Average of only those cases where Right > Left from Table 2.
Subject Left Right Right Avg—
Condition Avg Std Avg Std Left Avg
S1 Music only 2.080 0.469 2.391 0.594 0.311
S2 No sound 2.626 0.185 2.941 0.167 0.315
Mid noise 2.024 0.552 2.560 0.724 0.536
High noise 2.011 0.546 2.414 0.540 0.403
S3 No sound 2.490 0.831 3.057 0.859 0.566
Mid noise 2.070 0.618 2.504 0.740 0.434
High noise 1.972 0.480 2.460 0.616 0.488
S4 Music only 2.671 0.324 3.138 0.548 0.467
Mid noise 1.871 0.441 2.404 0.627 0.533
High noise 1.865 0.443 2.608 0.606 0.743
Avg and Std denote average and standard deviation, respectively.
DISCUSSION
This was the first fNIRS study to examine whether auditory-
cortex activation by background-noise and music stimuli could
change the hemispheric lateralization in both hemispheres. To
investigate the effects of noise on music processing, the par-
ticipants were subjected to various levels of noises in different
conditions in the experiment. It was found that exposure to any
noise compared to no noise led to higher auditory-cortex activa-
tion in the right hemisphere. This result, in fact, is in line with
the previous MEG data on speech stimuli (Shtyrov et al., 1998),
wherein instead the left hemisphere was dominant in the percep-
tion and production of speech. However, when high-level noise
was introduced, activation was observed in both hemispheres
resulting in a lack of lateralization in auditory-cortex activa-
tion. This clearly demonstrates that auditory-cortex activation
by music stimuli with noise changes the hemispheric lateraliza-
tion when a sufficiently loud distraction is introduced to reduce
the specialized function of the brain. Similar results from the
previous studies on speech stimuli show that lateralization occurs
in different responses for noisy condition.
fNIRS have its advantages over fMRI. Previous studies have
employed fMRI to determine the effects of various stimuli on
neuronal activation in the auditory cortex (Scarff et al., 2004).
The drawback of this modality is the problematic effect of acous-
tic noise from baseline activity in the auditory cortex. Whereas
fMRI can measure the changes in magnetic susceptibility in the
blood, fNIRS can directly measure hemodynamic changes, HbO
and HbR. fMRI signals are physiologically ambiguous, because
they reflect changes in cerebral blood flow, cerebral blood vol-
ume, and oxidative metabolism. Many studies have investigated
the correlation between fMRI and fNIRS signals (Yuan and Ye,
2013). By contrast, the present study focused on the HbO values,
as they offer results that are more direct than HbR (Plichta et al.,
2006).
We employed the fNIRS technique directly because of its
inherent advantages in the analyses of sound-evoked activation:
indeed, as a brain-imaging tool, it works non-invasive and silent.
Lateralization means a more blood flow in one hemisphere in
fNIRS. With this, we assume that more neuronal activity has
been made in that region (but, this might be caused by differ-
ent capillaries in that region or from other aspect, which deserves
further neurophysiological inverstigation). We obtained all of the
music stimuli results by examining the gap between the mean
value and the minimum value of the HbO taken from individ-
ual channels covering the auditory cortex. This study observed
a pattern of HbO activation that supports the view of func-
tional lateralization in the auditory cortex. Since a variety of
light penetrates through the scalp, we can get reliable experi-
mental results by using the difference between the mean and the
minimum value of the HbO with two criteria (t and p values)
for statistical analyses. A possible explanation for the difference
between S3 and S4 could be due to the influence of emotional
behavior on the classical music. Music may contain features that
evoke positive (or negative) emotional responses. Hemispheric
lateralization increases when noise appeared in S4, which was
different from S3.
Another possible explanation for the differences between the
results of S3 and S4 could be the full-length music played in the
background while introducing the different level of noise. Für
Elise composed by Ludwig van Beethoven is a commonly known
music that everyone can recognize and possibly imagine. Prior
research has shown that music perception and music imagina-
tion has similarities in brain activation and neural mechanism
(Zatorre et al., 1996). If a continuous music was cut off due
to noise for a short period of time, the noise level should not
make a difference if the subject can imagine the missing por-
tion of the music. These findings further support the idea of the
specialization in the auditory cortex evoked by audio stimuli.
CONCLUSIONS
The main finding of this study was that background noise affects
the hemodynamic response in the activation of the auditory
cortex in music processing. Under various noise levels through-
out the four different stages involving ten conditions of the
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experiment, the involvement of the right hemisphere’s auditory
cortex was higher than that of the left hemisphere (overall 73.3%,
specifically, 67.1% for male and 81.1% for female). Particularly,
the subjects listened to the music segments, the lateralization
was 75%. Also, if only noise segments were heard, the lateral-
ization was about 65%. But if the music was mixed with noise,
such lateralization tendency became intensified. Particularly,
the music + noise segments condition revealed 100% right-
lateralization when the music level was 10∼15% and the noise
level was 10%. However, the noise level became too big (i.e., noise
20%, music 10%), the lateralization had reduced. This is an indi-
cation that too much noise diminishes the human’s efforts to
discern the music from surrounding noises. The obtained results
support the theory that the brain is divided into compartments
specializing in specific functions.
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